Abstract C This paper provides a design outline and implementation procedure for a Secondary Energy Storage Unit (SESU) that can be used to meet the peak energy requirements of an electric vehicle during both acceleration and regenerative braking. The life cycle of the electric vehicle's batteries can be extended considerably by supplying peak energy requirements from a secondary source. A simulation study was conducted to determine the peak power and energy requirements over the SAE recommended electric vehicle test procedure. A scaled prototype SESU was built using flywheel energy storage, and tests were performed to determine the energy transfer capabilities of a flywheel coupled high speed permanent magnet synchronous machine through the proposed system's energy storage tank. Results are presented that indicate the necessity of the energy storage tank. An evaluation of the proposed system is also included which indicates the practicality of the system when compared to conventional regenerative control techniques.
I. INTRODUCTION POLITICAL pressures and the passing of legislation to improve the environment have helped generate much interest for the development of practical and highly efficient electric vehicles. Though many advances have occurred, one of the major obstacles, yet to be overcome, is the lack of a suitable EV power supply. Industry experts have concluded that practical EVs must have energy storage devices capable of a minimum power of 400 W/kg, energy of 200 Wh/kg, a life cycle of 2500 at a cost of around $75 /kW, and a 40% to 80% recharge capability in less than 30 minutes [1] . To date, such requirements have not been met.
The lack of an adequate, yet affordable energy storage device, has prompted much research into the reduction of EV energy consumption. Many schemes have been proposed, some of which include the use of regenerative braking and load levelling. Regenerative braking is easily implemented on vehicles that receive energy from external power sources. For vehicles not connected to an external power supply, the braking energy must be stored 'on board'. Advanced lead-acid batteries provide higher performance at lower cost. Such batteries have been designed to achieve a specific energy density of 42 Wh/kg and a power density of up to 500 W/kg [2] - [3] . Even with such advances, using electrochemical batteries to store energy during regenerative braking consequently leads to a greatly oversized vehicle battery pack. Peak power stresses during vehicle acceleration and braking also shorten the battery life cycle. A reduced life cycle will translate into high maintenance costs since the batteries have to be replaced regularly throughout the vehicle's lifetime. Such high maintenance costs, in addition to the high vehicle cost, make it prohibitive for a consumer to own an electric vehicle.
To overcome the problem of peak power stresses on electric vehicle batteries, researchers focus mainly on improving the batteries or reducing the peak power requirements. Peak power requirements can be decreased by designing a lighter vehicle, reducing the vehicle rolling resistance, reducing the aerodynamic drag, and limiting the use of accessories. Some researchers, however, have investigated the concept of using a Secondary Energy Storage Unit (SESU) within the electric vehicle to both store and supply peak power during periods of regenerative braking or rapid acceleration [4] - [8] . This process is referred to as load levelling and is the focus of this paper.
II. PROBLEM DEFINITION

A. Energy Requirements
The energy demand on an EV battery can be considerably reduced by performing regenerative braking. Fig. 1 shows the cumulative required drive energy of a simulated electric vehicle (see Appendix) operating sequentially over the 4 driving schedules of the SAE J227a Electric Vehicle Test Procedure [11] . The simulation shows that after 313 seconds, the vehicle has travelled 2.43 km, consumed a net energy of 1.22 MJ, and regenerated 0.48 MJ of energy. This represents a savings of approximately 28% of the net drive energy required to complete the set of schedules.
For a moderate driving range of 200 km over the repeated driving cycle, the regenerative equipped vehicle would require a net drive energy of 100 MJ. Accessories such as lights, radio, air-conditioning/heat, and power steering, would require an additional 4 kW of power over 7 hours and 10 minutes. This adds another 103 MJ to the required energy total. Hence, a typical vehicle requires approximately 57 kWh of stored energy to attain a 200 km driving range.
If advanced lead-acid batteries were used to meet the calculated energy specifications, 62% of the vehicle=s mass will consist of batteries, leaving only 843 kg for the vehicle, electric drive, passengers, and luggage. Such constraints pose a serious obstacle for an EV designer and thereby illustrate how current electrochemical battery energy storage capabilities are still far from sufficient.
B. Power Requirements
Further simulation was conducted to determine the power requirements on the EV=s energy supply over the SAE J227a driving cycle. Fig. 2 shows that peak drive power reached 48 kW during acceleration, while peak regenerative power reached 62 kW during vehicle braking. Additional analysis showed that a 0-96 km/h acceleration in 10 seconds would create a peak power demand of 206 kW. If this acceleration was followed immediately by a 96-0 km/h braking in 7 seconds, a 377 kW transient power reversal would be developed. The magnitude of these peak power requirements fall within the capabilities of todays advanced batteries. However, the stresses caused by these power demands create a serious degregation in the life cycle of the battery. Fig. 2 illustrates the severity of the peak power stresses in the 4 areas where regenerative braking is applied. Here, the rate of change in power approaches -4, causing severe deformation and stress on the battery plates. Such stressing occurs 330 times over the simulated 200 km driving cycle used in this study. The authors experience with a group of 300 automatically guided vehicles (AGVs) in an automotive plant, which use a regenerative control technique and are recharged fully every night, shows that these batteries need to be replaced every 3 months. When recharged with a trickle charge, as is done in ICE powered vehicles, the same battery can have a lifetime of 6 to 7 years.
III. LOAD LEVELLING STRATEGY
There are many ways to provide secondary energy storage for use in a load levelling process. An electric vehicle's SESU can consist of electric, kinetic, elastic, hydraulic, or pneumatic energy storage. This investigation uses a kinetic energy storage device in the form of a high speed flywheel directly coupled to an electric machine.
The mechanical suitability for the flywheel has already been thoroughly investigated [4] [7] [12] [13] . Extractable flywheel energy is expressed as: ω max = maximum flywheel operating speed (rads/sec) ω min = minimum flywheel operating speed (rads/sec)
The formulation in (1) illustrates the advantage of high speed flywheel operation. Since extractable energy is proportional to the square of the operating speed, low mass, high speed units can be designed to provide high energy densities. The high transient power levels identified in the previously described EV simulation studies have shown that a load levelling process will require the capability of rapid energy transfer during both acceleration and braking. Advanced high speed flywheels can provide power bursts in the 5 to 10 kW/kg range with negligible effect on their life cycle. Hence, they are immune to the peak power stresses that are otherwise destructive to the vehicle=s electrochemical batteries. Current flywheel designs using high strength graphite fibres, can operate at 80 000 rpm over temperature ranges from -40 to 100EC [7] . While weighing less than 11 kg, such flywheels can provide an energy of 1 kWh, more than twice the capabilities of advanced lead acid batteries. For the EV drive power requirements shown in Fig. 2 , less than 0.25 kWh of extractable flywheel energy is necessary to either store regenerative braking energy or supply transient acceleration energy. connected through a dc link to the vehicle's drive system and battery pack. During vehicle acceleration, the peak power used by the vehicle's drive system is supplied by the flywheel and electric machine through the dc link. Once acceleration has been completed, the post acceleration power used to maintain the momentum of the vehicle is supplied by the vehicle's battery pack. If necessary, the battery pack also supplies post acceleration power to the flywheel and electric machine to ensure that a minimum stored energy level is maintained. During regenerative braking, the peak power from the vehicle's drive system is transferred through the dc link to the flywheel/electric machine combination. By using this strategy, the peak power stresses on the vehicle's batteries are eliminated.
The block diagram in Fig. 3 uses an electric machine to convert energy between its electric and kinetic states. Such a machine must be able to operate efficiently at the high speeds required to store large amounts of energy in a flywheel. The recent development of permanent magnet type bearingless motors for potential use in super high speed applications, provides an excellent candidate for electromechanical energy conversion [14] - [15] . Both the electric machine and the high speed flywheel will have to be contained in a cooled vacuum housing. This reduces the windage losses associated with the high speed operation of the electric machine and flywheel.
IV. FLYWHEEL ENERGY CONTROL
A. Electric Machine Control
To accommodate peak power transfer in vehicular applications, a Flywheel Energy Storage System (FESS) has to provide near instantaneous power reversibility. For the proposed system, the flywheel energy will be regulated through an accurate control of the electric machine. A positive torque command will be used to operate the machine as a motor and charge the flywheel, while a negative torque command will be used to operate the machine as a generator and discharge the flywheel. If a high speed Permanent Magnet type Synchronous Machine (PMSM) is used, the proposed control strategy will require the machine to be operated continuously near the region of transition between motoring and generating.
To efficiently cycle between motoring and generating modes, the PMSM must be operated by a quick and reliable controller. For a permanent magnet machine designed to minimize rotor damper effects, the machine torque will respond immediately to changes in its d-and q-axis current vector components. The control of the stator current in the extended speed range of permanent magnet machines has been well summarized in [14] . Hence, stator current vector control allows for a means to control the machine torque and thereby the energy transfer of the FESS.
B. Transient Energy Control: The Energy Storage Tank
(1) Tank Necessity: The previously described torque controlled FESS can be used to both store and supply peak power for load levelling applications. The electric vehicle drive motor(s) will demand and supply instantaneous power during load levelling and will utilize the rated motor torque during regenerative braking from maximum speed. Since the maximum drive motor speed can be several times the base speed, the regenerative power obtained can be several times the motoring power [17] . Though the FESS is capable of providing instantaneous torque, its electrical link to the vehicle's drive motor inhibits its ability to provide instantaneous power transfer. Hence the FESS will not be able to instantaneously consume peak regenerative braking power. To accommodate such peak power, an energy storage tank must be added to the FESS to temporarily store/supply transient energy requirements.
(2) Tank Design (Double Layered vs Electrolytic Capacitors): An energy storage tank temporarily stores the braking energy until the FESS's electric machine can convert it into the kinetic energy of the flywheel. A suitable energy storage tank could be made of a capacitor bank. The capacitor bank can be made of newly developed Double Layered Capacitors (DLCs), or the standard electrolytic type.
The use of DLCs for pulsed power in electric vehicles is currently being researched [8] . Though DLCs have the potential for a higher energy density (near 5 Wh/kg), some drawbacks still exist that make it currently more favourable to use standard electrolytic capacitors for the proposed energy storage tank. First, most DLCs have an operating voltage below 6 volts. To meet the voltage requirement for an electric vehicle application, many DLCs have to be connected in series. This compounds the problem of the inherent high equivalent series resistance of DLCs, and results in excessive power losses during each charge/ discharge cycle of the energy storage tank. Electrolytic capacitors have a relatively low equivalent series resistance and do not experience such excessive power losses. They also have much lower EMI losses than DLCs and shunt high frequency components. Banks of series and parallel arrays of double layers capacitors will be very likely to experience harmonic resonance problems. Until the previous problems with DLCs can be overcome, their advantage of a higher energy density does not offset their disadvantages when compared to electrolytics. Based on this comparison, 
C. Bus Voltage Regulation for Proposed FESS
The expanded block diagram of an electric vehicle drive incorporating a FESS is shown in Fig. 4 . A high speed flywheel is directly coupled to a 3-phase PMSM and its associated power converter. The power converter is connected to the dc bus through an energy storage tank. Voltage and power flow on the dc bus is maintained by a bidirectional chopper, and as in Fig. 3 , the vehicle's drive system and battery pack are connected to the FESS through the dc link. The purpose of the bidirectional chopper is to regulate the system's dc link. A regulated dc link allows the vehicle's battery pack to be electrically connected with the flywheel energy storage system. It prevents peak power stressing of the batteries and also allows for the possibility of parallelling flywheel energy storage systems, which may be necessary once system optimization has been considered.
Peak power is required by the vehicle's drive motor during vehicle acceleration. As power is drawn from the FESS, the voltage on the energy storage tank will fall until the PMSM can respond and replenish the lost energy. The bidirectional chopper is operated in its forward direction which corresponds to the buck regulation mode. In this mode, the storage tank voltage is required to be higher than the system's dc link voltage. This necessitates the requirement to have a minimum amount of energy stored in the tank. To keep the energy storage tank as small as possible and still achieve the minimum voltage requirement, it is essential that energy drawn out of the tank is replenished as quickly as possible by the PMSM.
The dc link voltage is allowed to float during vehicle braking. The high voltage rise associated with regenerative braking must be limited so that the energy storage tank ratings are not exceeded. Since there are no assurances of what the braking voltage will be relative to the voltage on the energy storage tank, the bidirectional chopper must be operated in a buck-boost regulation mode. In the buck-boost mode, the braking energy from the dc link is forced into the energy storage tank. At the same time, electric energy is drawn out of the tank by the PMSM and converted into the flywheel's kinetic energy. During the braking operation, the tank voltage rises and falls depending on the response time of the PMSM and the rate at which energy flows into and out of the tank. Once braking has been completed, the tank voltage will fall to the level associated with its undisturbed state. By using this scheme, energy is transferred to the FESS in a controlled manner. Hence, controlled braking of the electric vehicle can be accomplished.
V. LABORATORY TEST RESULTS
A. Test Equipment
The feasibility of the proposed flywheel energy storage system was investigated using a laboratory test bench. The main goal of the feasibility study was to determine the energy transfer capabilities of a PMSM through the system's energy storage tank under a simulated electric vehicle acceleration and braking. Though the PMSM can provide near instantaneous torque response, it cannot provide instantaneous rated power transfer capabilities without exceeding its maximum peak torque ratings. The energy storage tank provides for the possibility of instantaneous power transfer.
A 0.094 farad electrolytic capacitor bank was used as the energy storage tank. The PMSM consisted of a 3 hp, 4 pole, ceramic interior permanent magnet machine, capable of a maximum continuous speed of 8000 rpm. A dual element flywheel was directly coupled to the PMSM making the total inertia of the flywheel/PMSM combination equal to 0.0889 kg@m5. The flywheel/PMSM combination can be seen in Fig. 5 . It represents a reduced power system. A full power system would operate at higher speeds, and would incorporate a permanent magnet bearingless machine in a vacuum housing.
B. Vehicle Acceleration Test
For the vehicle acceleration test, the PMSM was operated near 7500 rpm and switched to generation mode. To simulate a high performance acceleration, the buck chopper in Fig. 4 was employed to demand a step load from the energy storage tank. The bidirectional power converter was used to rectify the current from the PMSM and transfer energy into the show the step load current, the storage tank input current from the PMSM, the storage tank voltage, and the flywheel speed for the two tests. Fig. 6(a) shows that a step demand was applied at 2.4 seconds of the recorded data, causing the load current to rise to 10 A in approximately 110 ms. The PMSM controller tries to meet the energy requirement drawn from the tank. The PMSM current supplied to the tank reaches the level of current drawn out of the tank in 420 ms. During this time, the storage tank voltage falls from 100 V to approximately 67 V, representing a 260 J net loss in tank energy to the load. Once equilibrium is reached, the storage tank voltage falls gradually due to the slight difference between the tank input and output current.
At 11.3 seconds, the storage tank voltage falls below 55 V and the buck chopper can no longer sustain a constant load current. The load current begins to decay with the storage tank voltage. Once the step load is turned off, the tank voltage rises until the PMSM ends its current generation. During the duration of the step load, the flywheel speed falls from 7460 rpm to 5730 rpm. This drop in flywheel speed translates into an extraction of 11.1 kJ or approximately 40% of the stored energy.
In the second test, a 15 A step load demand with a 250 ms rise time was demanded from the energy storage tank. Fig. 7 (b) shows that the PMSM fully responds to the step load current in 440 ms. During this time, the storage tank voltage falls from 100 V to 59 V, representing a 306 J net loss in tank energy to the load. The 15 A load current in Fig.  6(a) is maintained for only a few seconds since the response time of the PMSM has allowed the tank energy to deplete to a level close to the cutoff level for the buck chopper. The flywheel speed falls from 7500 rpm to 5240 rpm over the duration of the 15 A step load, representing an extraction of 14 kJ or approximately 50% of the stored energy. Mechanical losses during the step load were estimated from an unloaded rundown test. These losses totalled 3.3 kJ, demonstrating that system losses consist mainly of the high losses associated with flywheel operation in a non-vacuum environment with bearings.
The acceleration test results show that the system's storage tank allows a response to peak energy demands up to 4 times faster than what would be capable by the flywheel/PMSM combination alone. Furthermore, if energy compensation from the FESS does not occur before the storage tank voltage falls below the voltage level representing the minimum allowable storage tank energy, the step load cannot be met by the generation system. The test results also demonstrate that the system's losses consist mainly of rotational losses and show the necessity to operate the flywheel/PMSM in a vacuum.
C. Vehicle Braking Test
A step current was applied to the load side of the energy storage tank, representing a step increase in regenerative braking power from the vehicle's drive motors. Measurements were taken to investigate the ability of the flywheel/PMSM combination to accept a 3.6 A and 10 A tank input current step. The PMSM was operated in its motoring mode to overcome the mechanical losses of the flywheel. The flywheel speed was maintained near 3900 rpm at the time the step current was applied. A minimum tank voltage of 50 V was maintained. An artificial maximum storage tank voltage level was set near 85 V to demonstrate the implementation of a maximum allowable storage tank energy. Figs. 8 & 9 show the step input current to the tank, the storage tank output current to the PMSM, the storage tank voltage, and the flywheel speed for the two tests. Fig. 8(a) shows that the step current is applied to the storage tank after 4 seconds of the data recording. The current to the storage tank rises by 3.6 A in 59 msec, while the PMSM responds fully to the step current in 196 msec. Fig. 8(c) shows that the voltage on the energy storage tank rises to 60 V before the PMSM controller fully compensates for the tank input current. After reaching its peak, the tank voltage falls again as the controller overcompensates for the step current. Once equilibrium is reached, the storage tank voltage gradually rises because of a slight difference between the tank input and output current. When the step current is turned off, the storage tank voltage falls to its minimum as the controller reduces the PMSM motoring requirements. During the duration of the 3.6 A step current, the flywheel speed rises from 3840 rpm to 4130 rpm representing an addition of 1.1 kJ or 16% of the stored energy.
A 10 A step was applied to the energy storage tank in order to examine the FESS's response with a higher regenerative braking power. Fig. 9(a) shows that the input current to the storage tank reaches 10 A in approximately 714 msec. The PMSM's controller responds to this step current and matches the tank input current after 1222 msec. The delay in the response from the PMSM causes the storage tank voltage to rise to 82 V. Once this value is reached, the chopper forcing the 10 A current step to the storage tank begins to limit the tank input current so that the maximum allowable tank energy is not exceeded. Hence, for this particular configuration of storage tank size, maximum tank voltage level, and flywheel/PMSM size, a 10 A step input braking current to the storage tank is not sustainable. Over the duration of the attempted 10 A step current, the flywheel speed rises from 3870 rpm to 4830 rpm representing an addition of 4 kJ or 56% of the flywheel's stored energy. Mechanical losses for the test were estimated to be 1.13 kJ. Again, this test demonstrates that an improvement factor of 2 to 3 in the response time of the system is achieved with the energy storage tank, while allowing a smooth control over the maximum safe voltage maintained on the tank during regenerative braking.
D. System Evaluation
When compared with the existing regenerative control techniques which use a bi-directional power flow inverter during vehicle braking, the FESS seems at first analysis to be more complex and require a higher initial investment. However, the use of the FESS will reduce the peak power stresses on an electric vehicle's battery pack, thereby extending the battery lifetime and vehicle driving range. The FESS is also more reliable than an electrochemical battery since it has the capability for a near infinite number of charge discharge cycles and a constant performance between its full and minimum charge.
Currently, we cannot answer the question of how long the proposed FESS can extend the lifetime of a lead acid battery pack when compared to a conventional regenerative control technique. If the proposed FESS can at least double the lifetime of such batteries, then the added cost to an electric vehicle will have been more than recovered. It is our judgement that at least one order of magnitude of life time increase will be achieved. The test results in Figs. 6 to 9 show that a considerable delay does exist between the peak power requirement during vehicle acceleration or deceleration, and the ability of the PMSM/flywheel combination to compensate for this peak power requirement. The length of this delay affects the energy transfer capabilities of the FESS. Different delays will be encountered for different FESS component ratings. Since the energy storage tank is the one element in the proposed FESS that can be used to tie together the system=s different components, its size can be used in the final modification to meet the vehicle=s energy transfer requirements. In any case, the inclusion of the storage tank will definitely allow for the use of a much lower rating for the PMSM at equal peak system power transfer capability.
VI. CONCLUSIONS
The proposed flywheel energy storage system can be used in a load levelling process to accept and provide peak power during a load levelling process. The test results conducted on a reduced power model indicate that a considerable delay does exist between the peak acceleration and deceleration power requirements, and the ability for the PMSM/flywheel combination to accommodate these requirements. This delay necessitates the use of an energy storage tank to provide instantaneous power transfer.
Until further advances are made with double layered capacitors, it is recommended to use standard electrolytic capacitors in the energy storage tank. Initial test results have shown that using a capacitor bank as an energy storage tank allows the FESS rapid energy transfer capabilities during both vehicle acceleration and regenerative braking. By adjusting the size of the energy storage tank, the size of the PMSM, and the voltage level on the system's dc bus, the entire flywheel energy storage system can be optimized to transfer a specified maximum value of peak power.
The optimization criteria have been obtained from the preliminary testing of the proposed system, and are now being applied in the design of a full scale prototype. The authors believe that the use of the proposed system will not only bring the driving range and performance of an electric vehicle closer to that of an ICE powered vehicle, but will also reduce the maintenance costs associated with the short lifetime of batteries subjected to major power cycling. The authors also believe that the proposed system is realistic when one weighs its benefits against its added initial cost and complexity.
APPENDIX
Electric Vehicle Simulation Parameters and Specifications
Electric vehicle energy consumption and required drive power depend directly on the vehicle=s specifications, drive and conversion efficiencies, and environment assumptions [9] - [10] . The simulated vehicle was assumed to operate on a level grade with no wind, equilibrium tire temperature, and a constant rolling resistance. Auxiliary power requirements were assumed to be 2/3 utilized, and all braking was assumed to be regenerative. 
